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Objectives: The use of indium compounds, especially those of small size, for the production of semicon- 
ductors, liquid-crystal panels, etc., has increased recently. However, the role of particle size or the chemi- 
cal composition of indium compounds in their toxicity and distribution in the body has not been 
sufficiently investigated. Therefore, the aim of this study was to examine the effects of particle size and the 
chemical composition of indium compounds on their toxicity and distribution. Methods: Male Sprague- 
Dawley rats were exposed to two different-sized indium oxides (average particle sizes under 4,000 nm 
[IO_4000] and 100 nm [IO_100]) and one nano-sized indium-tin oxide (ITO; average particle size less 
than 50 nm) by inhalation for 6 hr daily, 5 days per week, for 4 weeks at approximately 1 mg/m 3 of indium 
by mass concentration. Results: We observed differences in lung weights and histopathological findings, 
differential cell counts, and cell damage indicators in the bronchoalveolar lavage fluid between the normal 
control group and IO- or ITO-exposed groups. However, only ITO affected respiratory functions in 
exposed rats. Overall, the toxicity of ITO was much higher than that of IOs; the toxicity of IO_4000 was 
higher than that of IO_100. A 4-week recovery period was not sufficient to alleviate the toxic effects of IO 
and ITO exposure. Inhaled indium was mainly deposited in the lungs. ITO in the lungs was removed more 
slowly than IOs; IO_4000 was removed faster than IO_100. IOs were not distributed to other organs (i.e., 
the brain, liver, and spleen), whereas ITO was. Concentrations of indium in the blood and organ tissues 
were higher at 4 weeks after exposure. Conclusions: The effect of particle size on the toxicity of indium 
compounds was not clear, whereas chemical composition clearly affected toxicity; ITO showed much 
higher toxicity than that of IO. 
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INTRODUCTION 

Indium was first used in large quantities as indium phos- 
phide for the manufacture of semiconductors in the 1980s. 
More recently, indium-tin oxide (ITO) has been widely used 
as a thin film material for liquid crystal displays, which 
accounts for 87% of the total indium demand. As of 2009, 
70 tons of indium was produced, 215 tons was imported, 
and 543.6 tons was used in Japan. It is estimated that 
approximately 960 tons of ITO was used in Korea (1). 
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In 1961, Leach et al. (2) exposed rats to 24-97 mg/m 3 
(approximately 12.5-50 mg/m 3 of indium; mass median 
aerodynamic diameter of 0.5 nm) indium oxide (IO) for 4 hr 
a day for 3 months. They observed a wide range of symp- 
toms that were similar to alveolar edema, and the presence 
of alveolar protein, which lasted for 12 weeks after expo- 
sure. The American Conference of Governmental Industrial 
Hygienists (ACGIH) quoted this report when determining the 
threshold exposure value (TLV) for indium in 1969 (3). The 
same value that was recommended as the TLV by the 
ACGIH, 0.1 mg/m 3 , is used as an exposure limit for indium 
and its compounds in Korea (4). 

The interest in controlling indium and its compounds has 
increased in recent years owing to several reports of mortal- 
ity following severe lung injury in Japan. Indium and its 
compounds were handled without any special restrictions in 
Japan until 2001, when the death of an indium-handling 
worker was reported. Following this accident, the Ministry 
of Health, Labour and Welfare (MHLW) in Japan required a 
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material safety data sheet for indium, set a permeable con- 
centration of 0.1 mg/m 3 for indium compounds, and stated 
that workplace environment monitoring must be conducted 
every 6 months (5). In addition, the MHLW amended the 
permeable concentration for indium and its compounds to 
3 x 10~ 4 mg/m 3 after Nagano's report, which described the 
carcinogenicity of ITO; the target concentration was deter- 
mined to be 0.01 mg/m 3 owing to technical and economic 
constraints (6). ITO was designated as a material requiring 
special management because of its carcinogenicity (7-9). 

Primary particle size or surface area is important for eval- 
uating the hazards of particulate matters (10), because 
smaller particles, which have a large gross surface area, are 
more toxic. Therefore, the United Sates' National Institute 
for Occupational Safety and Health proposed exposure lim- 
its for nanomaterials on the basis of their surface area (11). 

Currently, indium is produced in the form of nanomateri- 
als that are smaller than 100 nm in many workplaces, and 
ITO smaller than 20 nm has been identified in the work- 
place environment (12). Therefore, particle size must be 
considered when evaluating the hazards of indium and its 
compounds. However, many previous toxicological studies 
were performed using larger particles. Thus, additional toxi- 
cological studies should be conducted to assess the hazards 
of small-sized indium compounds. 

This study was conducted to provide toxicity information 
on indium compounds according to particle sizes and chem- 
ical compositions that are likely to exist in the workplace. 

MATERIALS AND METHODS 

Particles. Indium (EI) oxide (Samchun chemicals 10640, 
Seoul, Korea; IO-4000), indium (III) oxide (Aldrich 632317, 
St. Louis, MO, USA; IO_100), and ITO (Aldrich 544876, 
St. Louis, MO, USA; ITO) were chosen for the study owing 
to their planned particle size and chemical composition. 

Animals. Five-week-old male specific pathogen-free 
Sprague-Dawley (SD) rats were obtained from Central Lab 
Animal Inc. (Seoul, Korea). The rats were exposed to IOs 
and ITO after a 2-week acclimation period. During the 
experimental period, the rats were housed in a room with 
controlled temperature (23 + 2°C), humidity (55 + 7%), and 
a 12-hr light/dark cycle. The rats were fed with filtered 
water and a rodent diet (LabDiet 5053, PMI Nutrition, St. 
Louis, MO, USA) ad libitum. Pulmonary function was mea- 
sured both at the end of exposure for 4 weeks and 4 weeks 
after exposure using non-invasive, unrestrained plethys- 
mography (Buxco PLY 3123, Wilmington, NC, USA). All 
animal studies were approved by the animal ethics commit- 
tee to ensure appropriate animal care for research. 

Exposure to IOs. IOs were dispersed in distilled water 
and sonicated at a total power of 1,170 Joule by using a 



probe-type ultrasonicator (Vibra Cell VC-750, Newtown, 
CT, USA), and particle sizes were measured using Zeta- 
sizer (Nano Z 590, Malvern Instruments, Malvern, UK) to 
ensure that the suspensions were well dispersed. Then, the 
suspensions of IOs and ITO were aerosolized at 8 L of air- 
flow per minute through a 0.8-mm-diameter venturi nozzle 
in a nose-only inhalation chamber (NITC System, HCT, 
Incheon, Korea). The total airflow was adjusted to 20 L per 
minute to meet the chamber's ventilation rate of 15 times 
per hour. The concentrations of indium in the inhalation 
chambers were measured using inductively coupled plasma 
mass spectrometry (ICP-MS; Agilent Technologies 7500CE, 
Santa Clara, CA, USA) after collection on a 37-mm 
nitrocellulose membrane filter (Millipore GSWP, 0.22 \im, 
County Cork, Ireland) at a rate of 1 L per minute. The size 
distribution of IOs was analyzed using an optical particle 
counter (GRIMM Technologies Inc. model 1.108, Douglas- 
ville, GA, USA) and their morphological shapes were iden- 
tified under a transmission electron microscope (Hitachi 
H7100FA, Tokyo, Japan). Rats were exposed to aero- 
solized indium compounds 6 hr a day, 5 days per week, for 

4 weeks. 

Bronchoalveolar lavage. Rats were anesthetized with 
isoflurane (Ilsung Pharmaceuticals Co., Seoul, Korea) and 
the tracheae were cannulated. Then, the lungs were lavaged 

5 times with 3 mL of calcium- and magnesium-free phos- 
phate buffered saline (PBS, pH 7.4), and the lavage fluids 
were centrifuged at 1,500 rpm for 10 min (Hanil Union 
32R, Incheon, Korea). The supernatants were stored at 
-80°C until protein and lactate dehydrogenase (LDH) assays 
were performed, and the total number of precipitated cells 
was counted using a Coulter Counter (Drew Science, 
Hemavet 950, Miami Lakes, FL, USA). The cells in the lav- 
age sample were then centrifuged using Cyto centrifuge 
(Hanil Cellspin, Incheon, Korea). The centrifuged cells 
were then stained with Diff-Quick staining solution (Sys- 
mex, Kobe, Japan), and the numbers of macrophages, lym- 
phocytes, and polymorphonuclear leukocytes (PMNs) were 
measured by counting approximately 300 cells under a 
microscope at 20x magnification. LDH and albumin levels 
in the lavage fluid were measured using a biochemistry ana- 
lyzer (Toshiba TBA 20FR, Tokyo, Japan). 

Histopathology. Lungs were fixed in 10% neutral 
buffered formalin solution and embedded in paraffin. After 
staining with hematoxylin and eosin or Masson's trichrome, 
the lung samples were examined by light microscopy at 
lOOx magnification. 

Measurement of indium levels in the blood and 
tissues. Well-dried lung, liver, spleen, and brain tissues 
were digested in a 10-fold volume of 65% nitric acid 
(Merck, Whitehouse Station, NJ, USA), and the levels of 
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indium in the lungs, liver, spleen, and brain were measured 
using ICP-MS (Agilent technologies 7500CE, Santa Clara, 
CA, USA). Indium levels in the blood and serum were mea- 
sured after the samples were diluted 10 times with 65% 
nitric acid. 

Statistical analysis. Results are presented as the mean 
+ standard deviation. Data were analyzed using ANOVA, 
followed by a post hoc analysis based on the t-test or Mann- 



Table 1. Individual particle sizes and surface areas of indium 
compounds 



Parameter 


IO_4000 


IO_100 


ITO_50 


DLS size" (nm) 


757.3 ± 105.5 


435.9 ± 37.4 


176.2 + 2.2 



''Dynamic light scattering sizes were measured after the particles 
were sonicated at approximately 1950 J/300 ml. Values represent 
the mean ± standard deviation. The dispersity indices for IO_4000, 
IOJ00, and ITO_50 were 0.64 ±0.1 5, 0.22 ±0.01, and 0.23 ±0.02, 
respectively. 




Fig. 1. Transmission electron microscopy images of indium compounds: A, IO_4000; B, IO_l 00; C, ITO_50. Images were taken at 
5,000x (A), 150,000x (B), and 50,000x (C) magnification and lOOkV. 
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Fig. 2. Size distributions of indium compounds aerosols based on particle mass and particle number. Size distributions were mea- 
sured using an optical particle counter. 
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Whitney rank sum test to determine differences between 
groups. Statistical analyses were performed using Sigma- 
Plot 12 (Systat Software Inc., San Jose, CA, USA). Differ- 
ences were considered significant when the P value was 
< 0.05. 

RESULTS 

Identification of indium compounds. The dynamic light 
scattering diameters of IO_4000, IO_100, and ITO_50 were 
757.3 + 105.5 nm, 435.9 + 37.4 nm, and 176.2 + 2.2 nm, 
respectively (Table 1). TEM revealed the following find- 
ings: IO_4000 showed the least degree of agglomeration; 
ITO_50 showed the highest degree of agglomeration; and 
IO_100 showed a medium degree in agglomeration (Fig. 1). 

Aerosolization of indium compounds. The mass median 
aerodynamic diameters of the aerosols in the nose-only 
inhalation chamber were 1.09 ^im for IO_4000, 0.66 \im 
for IO_100, and 0.17 \im for ITO_50, as measured using 
an optical particle counter (OPC). The median aerody- 
namic diameters were 0.43 [im for IO_4000, 0.42 u,m for 
IO_100, and 0.13 \xm for ITO_50 (Fig. 2). Indium concen- 
trations in the inhalation chamber averaged 1.30 + 0.14 
mg/m 3 for IO_1000, 1.13 + 0.33 mg/m 3 for IO_100, and 
1.13 + 0.33 mg/m 3 for ITO_50, as measured using ICP-MS 
(Table 2). 



Table 2. Concentrations of indium compound aerosols after 
exposure for 4 weeks (unit, mg/m 3 ) 



Method 


Control 


IO_4000 


IO_100 


ITO_50 


Concentrations 
(of indium) 


ND 


1.30 ±0.41 


1.13 ±0.33 


1.09 ±0.37 



Concentrations were measured by inductively coupled plasma 
mass spectrometry. 
ND, Not dertimined. 



Clinical observations. During the exposure and post- 
exposure periods, the body weights and clinical symptoms 
of the groups exposed to indium compounds were not sig- 
nificantly different from those of the normal control group 
(data not shown). Groups exposed to IO_4000 or IO_100 
showed no statistically different respiratory function, 
whereas there were significant changes in respiratory fre- 
quency, tidal volume, and minute volume in the groups 
exposed to ITO_50 for 4 weeks; these symptoms persisted 
for 4 weeks after exposure (Table 3). Regarding hematolog- 
ical effects, there were no significant changes in white 
blood cell counts in any of the groups after the 4-week 
exposure period, although the counts increased at 4 weeks 
after the exposure period (data not shown). 

Effects on cells in the bronchoalveolar lavage fluid. 

The total number of cells in bronchoalveolar lavage (BAL) 



Table 3. Effects of indium compounds on respiratory function 





Parameter 


Control 


IO_4000 


IO_100 


ITO_50 


4 weeks 
exposure 


Frequency (beat/min) 


92.6 ± 10.3 


100.2 ± 4.2 


92.8 ± 2.4 


151.5 ±6.4* 


Tidal volume (ml/beat) 
Minute volume (ml/min) 


0.36 ± 0.02 
32.8 ±4.2 


0.33 ± 0.05 
32.6 ±4.9 


0.31 ±0.05 
30.1 ±4.3 


0.27 ± 0.02* 
40.6 ± 3.2* 


4 weeks 

post exposure 


Frequency (beat/min) 


101.2 ± 16.8 


104.3 ± 10.3 


109.2 ±17.1 


155.6 ±40.9" 


Tidal volume (ml/beat) 
Minute volume (ml/min) 


0.34 ± 0.06 
33.4 ±7.9 


0.32 ± 0.04 
32.7 ±5.9 


0.31 ±0.04 
33.3 ±4.7 


0.28 ± 0.09 
41.3 ± 13.0 


Values represent the mean ± standard deviation. *, p < 0.01 versus control group. 








Table 4. Effects of indium compounds on cell differentiation in bronchoalveolar lavage fluid 








Control 


IO_4000 


IO_100 




ITO_50 


4 weeks exposure 


Total cells 


0.83 ± 0.23 


6.31 ± 1.29 Mf 


2.59 ± 1.27 M 


23.90 ± 7.39 b 


Macrophages 


0.82 ± 0.23 


2.51 ±0.66 bf 


1.20 ±0.47' 


i 


3.09 ±1.56" 


Lymphocytes 


0.01 ±0.01 


0.17±0.09 bc 


0.13±0.08 bc 


0.33 ± 0.22" 


PMNs 


0.00 ± 0.00 


3.62 ± 1.1 9 bAf 


1.50 ± 1.09 b d 


20.78 ± 7.44" 



4 weeks post exposure 



Total cells 


0.56 ± 0.34 


5.45 ± 1.34 bAf 


2.57 ± 0.59 b " 


25.77 ± 7.46 b 


Macrophages 


0.55 ±0.34 


2.67 ± 0.60 w 


1.77±0.34 b " 


3.18±0.98 b 


Lymphocytes 


0.00 ±0.00 


0.23 ± 0.1 1 M 


0.10±0.10 bc 


0.17±0.05 b 


PMNs 


0.00 ± 0.00 


2.55 ± 0.92 bAf 


0.69 ± 0.25 M 


22.42 ± 6.74" 



Values represent the mean ± standard deviation. a p < 0.05 versus control group; b p < 0.01 versus control group; c p < 0.05 versus ITO_50 
group; d p < 0.01 versus ITO_50 group; e p< 0.05 versus IO_100 group; ' p< 0.01 versus IO_100 group. PMN, polymorphonuclear leukocyte. 
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Table 5. Effects of indium compounds on biochemical constituents in bronchoalveolar lavage fluid 



Parameter 


Control 


IO_4000 


IO_100 


ITO_50 


4 weeks exposure 


Lactate dehydrogenase (U/L) 
Albumin (juig/dl) 


22.1+8.4 
3.13 + 2.70 


106.8 ±91.2" 
6.57 + 3.21 ad 


39.4 + 24.9 d 
6.88 ± 6.38" 


635.4 ±227.1" 
87.57 + 31.62" 


4 weeks post exposure 


Lactate dehydrogenase (U/L) 
Albumin (juig/dl) 


10.0 ± 8.9 
2.50 + 1.60 


126.6 ±39.1 bdf 
3.88 + 2.95 d 


12.4 + 9.3" 
5.50 + 4.78^ 


784.7 ±219.7" 
43.63 ±21.92" 



Values represent the mean ± standard deviation. a p < 0.05 versus control group; b p < 0.01 versus control group; c p < 0.05 versus ITO_50 
group; d p < 0.01 versus ITO_50 group; e p < 0.05 versus IOJ00 group; ' p < 0.01 versus IO_100 group. 



Table 6. Effects of indium compounds on organ weight 



Organ 


Control 


IO_4000 


IO_100 


ITO_50 


4 weeks exposure 


Lung 


1.86 + 0.15 


2.27±0.17" Ae 


2.09±0.17 ad 


4.14 ±0.39" 


Liver 


8.96 + 0.26 


8.94 ± 0.46 


9.03 + 0.79 


8.87 ±0.54 


Spleen 


0.67 ± 0.07 


0.71 ±0.08 


0.75 ±0.17 


0.59 ±0.02 


Brain 


2.09 ±0.10 


2.00 ±0.10 


2.01 ±0.05 


2.04 ± 0.09 


4 weeks recovery 


Lung 


2.00 ±0.12 


2.79±0.19" de 


2.26±0.19" d 


4.43 ± 0.50" 


Liver 


13.93 ± 1.79 


14.83 ±1.39 


13.41 ±0.31 


13.58 ±2.54 


Spleen 


0.81 ±0.14 


0.97 ± 0.33 


0.80 ±0.14 


0.74 ±0.11 


Brain 


2.14 + 0.11 


2.06 ±0.07 


2.09 + 0.07 


2.09 ± 0.08 



Values represent the mean ± standard deviation. a p < 0.05 versus control group; b p < 0.01 versus control group; c p < 0.05 versus ITO_50 
group; d p < 0.01 versus ITO_50 group; e p< 0.05 versus IO_100 group; f p< °- 01 versus IO_100 group. 



fluid was 7.6 times higher in IO_4000-exposed rats, 3.1 
times higher in IO_100-exposed rats, and 28.8 times higher 
in ITO_50-exposed rats than in the normal control group. 
Moreover, the ITO_50 group had a higher total number of 
cells compared to the IO_4000 group and IO_100 group 
(Table 4). This observation was likely due to an increased 
number of PMNs and macrophages. In the 4-week expo- 
sure experiment, PMNs accounted for 57.4% of the total 
cell number in the IO_4000 group, 57.9% in the IO_100 
group and 86.9% in the ITO_50 group, while PMNs were 
rarely found in the normal control group. A similar pattern 
was observed at 4 weeks after exposure. The levels of albu- 
min and LDH in the BAL fluids revealed a similar pattern 
as was noted with BAL cell differentiation in the IO_50 
groups. In the 4- week exposure experiment, the concentra- 
tions of albumin and LDH were 28.0 times and 28.8 times 
higher, respectively, in the IO_50 group compared to the 
corresponding concentrations in the normal control group, 
and persisted for 4 weeks after exposure. Thus, the cellular 
damage caused by IO_4000 and IO_100 was lesser than 
that caused by ITO_50 (Table 5). 

Histopathological effects. On average, the lungs of 
the IO_4000- and IO_100-exposed rats weighed 22% and 
12% more, respectively, than the lungs of the rats in the 



normal control group. Notably, the average lung weight of 
ITO_50-exposed rats was 2.2 times higher than that of the 
rats in the normal control group (Table 6). Histopathologi- 
cal analyses in the ITO_50-exposed rats revealed alveolar 
proteinosis, migration of alveolar macrophages, alveolar wall 
fibrosis, type II epithelial cell hyperplasia/hypertrophy, perivas- 
cular inflammation, and pleural thickening with prominent 
mesothelial cells. These observations were also noted in the 
IO_4000- and IO_100-exposed rats, although the severity 
was much lesser than that in the ITO_50-exposed rats. The 
symptoms in the lungs were observed at both 4-week expo- 
sure and 4 weeks after the exposure period, and alveolar 
proteinosis and alveolar wall fibrosis were more severe at 
4 weeks after the exposure period. IO_4000 and IO_100 
caused a similar level of lung damage. No symptoms attrib- 
utable to indium exposure were found in other organs 
(Table 7 and Fig. 3). 

Biodistribution of indium. Next, indium inhaled through 
the nose-only inhalation chamber was assessed in the lungs. 
The amount of indium deposited in the lungs increased in 
the following order: IO_4000 > IO_100 > ITO_50. This 
particular order was likely due to the different average con- 
centrations of indium (1.30 + 0.41 mg/m 3 for IO_4000, 1.13 + 
0.33 mg/m 3 for IO_100, and 1.13 + 0.33 mg/m 3 for ITO_ 
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Table 7. Effects of indium compounds on lung histology 
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50). The distribution and elimination characteristics of IOs 
and ITO in the body were different. Indium was rapidly 
eliminated from the lungs and was not distributed to other 
organs, such as the brain, liver, and spleen, in the IO_4000- 
and IO_100-exposed groups. In contrast, indium was elimi- 
nated slowly from the lungs and detected in other organs in 
the ITO-exposed group. Indium migrated to different organs 
in the following order: spleen > liver > brain. Except for the 
lungs, the concentrations of indium increased at 4 weeks 
after exposure in the other organs. The concentrations of 
indium in the IO_100-exposed group decreased more slowly 
than that in the IO_4000-exposed group, but the pattern of 



distribution and elimination in other the organs were simi- 
lar. Furthermore, the concentrations of indium in the ITO_50- 
exposed group were much lower than the current biological 
indicator suggested by the Japan Society for Occupational 
Health (0.176 u,g/L at 4-week exposure and 0.265 u,g/L at 4 
weeks after the exposure) (Fig. 4). 

DISCUSSION 

This study was inspired by the fact that the use of indium 
compounds is increasing, and indium compounds are typi- 
cally produced in the form of nanomaterials, whose toxico- 
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Fig. 3. Light micrographs of the lungs of rats exposed to indium compounds. Lungs of control groups (A, E), IO_4000-exposed group 
(B, F), IO-100-exposed group (C, G), and ITO_50-exposed groups (D, H) were stained with hematoxylin and eosin (E~G) or Masson's 
trichrome (A~D, H). Alveolar fibrosis (blue, D and H) and pleural thickening (D) were observed in the ITO_50-exposed group. Pictures 
were taken at lOOx magnification. 



Lung 



Brain 




Fig. 4. Distribution of indium compounds in several organs 
and the blood. Error bars indicate the standard error. 



logical properties have not been identified. 

Several background points apply to this study. First, the 
use of indium compounds is growing, which increase the 



concern for workers' health; the amount of indium used to 
produce semiconductors, displays, rechargeable batteries, and 
other high-tech gadgets is significantly increasing, and it is 
becoming a threat to the health of workers, especially those 
who deal with indium compounds. New indium-related dis- 
eases, such as "indium lung," have been documented, and 
these diseases have resulted in deaths in Japan, the United 
States, and China (13-18). Second, there is great concern 
regarding the use of nanomaterials whose toxic properties 
have not been sufficiently investigated. Even with the widely 
accepted assumption that smaller particles (i.e., nanomateri- 
als) are more toxic, appropriate remains questionable (19). 
Lastly, most of toxicological data from hazard assessments 
to date were generated using larger particles, although indium 
compounds (especially indium-tin oxide) are produced at 
the nano-scale (2,20-24). Therefore, this study was per- 
formed to investigate the toxicity and distribution of indium 
compounds according to their particle size and chemical 
composition to fill the knowledge gap concerning the haz- 
ards of indium compounds. To this end, 2 different particle 
sizes of IOs (i.e., IO_4000, whose primary particle size is 
4 u,m or less and IO_100, whose primary particle size is 
100 nm or less) and ITO (whose primary particle size is 
50 nm or less) were selected as experimental materials. 
Indium is mostly used as an ITO target for the production of 
liquid crystal displays. ITO target is typically a mixture of 
90% of IO and 10% tin oxide, and it is sintered at a high 
temperature of 1500°C (25). Although sintered ITO is likely 
to have different toxicological properties, the metal alloy, 
which is often considered to be merely a mixture of metals, 
has not been studied from the alloy-toxicity perspective 
(26). Recent occupational accidents suggest the need to 
investigate the toxicological effects of sintered alloys. There- 
fore, we raised 4 questions to bridge the knowledge gap: 1) 
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Are data sufficient for hazard assessment? 2) Are there suf- 
ficient scientific grounds supporting biological indicators? 
3) Can the lung damage caused by indium compounds be 
reverted? and 4) Should indium compounds be controlled 
differently depending on their individual particle size or 
chemical composition? 

The indium compounds used in this study agglomerated 
easily in distilled water. The agglomerate sizes of IO_4000, 
IO_100, and ITO_50 in aqueous solution were 757.3 \lg, 
435.9 \ig, and 176.2 ^g, respectively, and the sizes of aero- 
solized indium compounds generated in the nose-only inha- 
lation chamber averaged 1.09 ng for IO_4000, 0.66 ng for 
IO_100, and 0.17 ng for ITO_50. 

After exposure for 4 weeks, the average concentrations of 
indium were 1.30 + 0.41 mg/m 3 in the IO_4000-exposed 
group, 1.13 + 0.33 mg/m 3 in the IO_100-exposed group, and 
1.09 + 0.37 mg/m 3 in the ITO_50-exposed group. Although 
the exposure to IO_4000 was 15% greater than that to 
IO_100 and 19% greater than that to ITO_50, it was allow- 
able. Neither body weight changes nor clinical symptoms 
were observed after the exposure and post-exposure peri- 
ods in any of the experimental groups. However, typical 
injury symptoms, such as effects on respiratory function, 
inflammatory responses in the alveoli, and histopathologi- 
cal changes in the lungs, were clearly observed after expo- 
sure to indium compounds. The results of this study indicate 
that the chemical composition of indium compounds had a 
greater influence on respiratory function than individual 
particle size; IO_100 and IO_4000 did not affect respira- 
tory function, whereas ITO_50 significantly affected respi- 
ratory function. The total number of cells in the lavage 
fluids increased 7.6-fold in response to IO_4000 exposure, 
3.1-fold in response to IO_100 exposure, and 28.8-fold in 
response to ITO_50 exposure compared to the findings in 
the normal controls. PMNs accounted for 57.4% of the cells 
observed after lO_4000 exposure, 57.9% of the cells 
observed after lO_100 exposure, and 86.9% of the cells 
observed after ITO_50 exposure, whereas there were no 
PMNs in the normal controls. The effects were clear in both 
the IO- and ITO-exposed groups, but the severity was much 
higher in the ITO-exposed group. The LDH and albumin 
levels in the BAL fluid, which is a typical indicator of cell 
damage, showed a pattern similar to that observed in the 
case of cell differentiation: levels of both LDH and albu- 
min increased slightly in the BAL fluid in the IO_4000- and 
IO_100-exposed groups and increased markedly in the 
BAL fluid in the ITO_50 exposed group. 

A 4-week recovery period was not sufficient to mitigate 
the toxic effects of IO_4000, IO_100, and ITO. Effects on 
respiratory function, alveolar inflammation, and lung inju- 
ries persisted after the 4-week recovery period. White blood 
cell counts increased over the course of the recovery period. 
Interestingly, we observed a different distribution of indium 
in the body depending on the particle size and chemical 



composition, which in turn influenced the toxic effects. 
IO_4000 and IO-100 were quickly removed from the lungs 
and were not distributed to the brain, liver, and spleen; 
IO_4000 was removed from the lungs at a faster rate than 
IO_100. In contrast, ITO_50 was not eliminated rapidly, 
and during the 4-week recovery period, it distributed to 
other organs in the following order: spleen > liver > brain. 
The concentration of indium in the blood and other tissues 
increased over the 4-week recovery period. The concentra- 
tions of indium in the blood (4- week exposure: 0.176 Hg/L; 
4 weeks after exposure: 0.265 \ig/L) were much lower than 
3 |ig/L, which is considered a biological indicator by the 
Japan Society for Occupational Health (JSOH). Thus, indium 
may induce lung damage at concentrations below the level 
of the current Japanese biological indicator (27). 

The results of this study suggest that indium compounds 
of different chemical composition should be controlled dif- 
ferenly; i.e., indium-tin oxide is much more toxic than 
indium oxide. 
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